In arid and semi-arid watersheds, sustainable management of natural resources (i.e. land, water and ecological resources), and watershed management are crucial issues in applied morphometric studies. Geomorphometric parameters and their interrelationships are of paramount importance in characterizing the morphology, topography, geology and structure, hydrological potential, and geomorphic evolution of such catchments. An analysis of spatial characteristics and morphological development of the demarcated 76 subwatersheds related to W. Mujib-Wala catchment, was carried out using ASTER DEM and GIS. Multivariate statistical techniques such as Principal Component Analysis (PCA), Cluster Analysis (CA), and Discriminant Analysis (DA), were also employed to assess different aspects of drainage networks, and their morphometric properties. Principal Component Analysis (PCA) reduces the 22 morphometric parameters to five components, which explain 90.4% of total variance. The relationship of these components to the morphometric variables and to the individual sub-watersheds was evaluated, and then the degree of inter-correlation among the morphometric descriptors was explored. The 76 sub-watersheds were classified according to their individual relation to the components, and similarities in their morphometric characteristics. Regionalization of sub-watertsheds was achieved using hierarchical Cluster Analysis (CA). The validity of the resultant cluster groups was tested statistically by means of Discriminant Analysis. The present investigation provides information which highlights the benefit of geomorphometric analysis and multivariate statistics in modeling hydrological responses: i.e., surface runoff and sediment yield, hydrological assessment, water resources planning, and watershed management. Furthermore, the results can be useful for soil and water conservation planning, and assessment of flash floods potential.
Introduction
The Wadi Mujib-Wala watershed is located in southern Jordan, and covers an area of 6571.4 km Quantitative analysis of drainage basis was conducted following the Second World War. Until the 1980's, morphometric analysis was carried out manually using large scale topographic maps (i.e., 1:50,000) and fieldwork [2] - [8] . However, the development of the Geographic Information System (GIS) permits digital rapid extraction and calculation of morphometric parameters from digital elevation models (DEMs) and GIS software. Thus, characterizations of land form and quantitative studies of drainage networks were carried out in different regions worldwide. Geomorphic analysis was also performed using specific geomorphic indices such as the hypsometric integral for a large number of drainage basins (or sub-watersheds) and linked hypsometric integral (HI) values to lithological resistance and tectonic uplift [9] - [19] . Since the 1970's, multivariate statistical analytical techniques applied to drainage basins morphometry of a different order have been implemented in geomorphic research [20] - [31] . Furthermore, methodology concern with applied morphometric research was elaborated and employed in watershed resources management and floods risk assessment [31] - [44] , considering that watershed characteristics provide the basis for quantitative assessment of morphometric properties of watersheds as developed by Horton [2] , and elaborated by Strahler [3] [4] [5] . However, a wide range of morphometric parameters (nearly 85 variables) can be extracted from drainage basins [45] . It is somewhat difficult to demonstrate which are the most effective parameters for geomorphic reasoning [28] . Statistical analysis in this regard helps in simplifying this issue in drainage basin studies through the use of multivariate statistical techniques such as: Principal Component Analysis (PCA), Cluster Analysis (CA), and Discriminant analysis (DA) [46] [47] [48] [49] .
The large amounts of morphometric data pertaining to a large number of drainage basins, can be simplified and organized using these techniques. For example, Mather and Doornkamp [20] made a pioneer study on the application of multivariate statistical methods on a case study from southern Uganda. Eighteen morphometric parameters were measured and computed for 130 third-order drainage basins, and then analyzed to assess the morphometric properties of the resultant drainage basin groups. Moreover, multivariate statistical techniques have been widely employed in the hydrological and atmospheric sciences [50] [51]. Subyani et al. [25] employed morphometric analysis, multivariate statistics, and a SRTM digital elevation model (v.2) to illustrate the morphology, lithology, structure, and hydrological potential of arid watersheds. PCA, Q and R modes of Cluster Analysis were employed. Thus, the 18 morphometric descriptors pertaining to 10 arid watersheds in western Saudi Arabia, were analyzed and described in this way. The first three components accounted for 86% of the total variance in the original data and, revealed more details regarding the variable loadings and the degree of parameter significance. Belmar et al. [52] conducted a hydrological classification scheme of natural flow regimes, with characterization of similarity among flow regimes, to develop general criteria for flow regimes management (i.e., the assessment of environmental flows). Using different clustering techniques, a regionalization process was carried out to determine hydrologically homogeneous regions in data-scares watersheds [53] . Furthermore, Chiang et al. [54] , and Mehaiguene et al. [55] carried out a research projects on hydrological stream flow regionalization (based on gauged watersheds using flow parameters) to establish hydrological regions according to the selected criteria. The attempt is to elaborate a methodology for extending hydrological information from gauged watersheds to ungauged ones.CA has also been used to delimit landscape types [56] . Factor analysis of mean annual stream flow in Minnesota [57] led to recognizing five hydrological regimes based on analysis of three periods extending from 1950 to 2008. Multivariate statistical methods were employed in the recent past in climatic regionalization [58] . Likewise, 21 morphometric parameters for 3833 first-order basins in the Siwalik (Nepal) were analyzed using PCA. This study recognizes different basin types based on morphometric properties of drainage basins. The association of first-order basins with structure, lithology, and uplift rates was assessed [27] . Moreover, clustering of geomorphic parameters of a watershed was carried out for hydrological modeling using PCA [29] . Raux et al. [26] performed a classification of drainage basins worldwide using multivariate analysis of hydro-morphometric parameters controlling their hydrosedimentary response. Additionally, morphometric analysis, Factor Analysis (FA) and CA, were employed to assess the input variables that are utilized in assessing flood parameters [59] . Miller et al. [46] employed CA) to classify 105 small drainage basins in Indiana, and five groups of basins were identified. It is concluded that morphometric parameters reflect an appropriate adjustment to the bedrock underlying the drainage basins. The Jordanian officials have planned to construct additional reservoirs across the W. Mujib-Wala catchment in the future, whereas groundwater exploration is in pro-gress at present. In light of water resources scarcity in the country, the catchment constitutes a promising watershed for water resources development in the southern planning region. In our region also a statewide hydrological regionalization projects are significant for regional development planning. Thus, hydrological regimes can be recognized, each with runoff periods and duration. Applications of such techniques can be extended to carry out water resources planning schemes on regional and national levels.
It is intended in this research to: 1) Examine the intercorrelation among morphometric parameters, and perform regression analysis for the sub-basins vs. morphometric variables.
2) Explore the relationship of major components determined through PCA to the morphometric parameters, and to individual sub-watersheds to explain their contribution to the morphology of fourth-order sub-basins pertaining to the W. Mujib-Wala watershed.
3) Establish a classification scheme using CA to identify consolidated regions of sub-watersheds with reference to their individual relationships to the components and the original morphometric variables. The spatial patterns of subwatershed groups were analyzed with reference to lithology, tectonics and uplifting, and rejuvenation processes. 
Study Area
A quantitative morphometric characterization and classification was carried out for W. Mujib-Wala sub-watersheds. The catchment is considered the second largest basin draining to the Jordan Rift and flows westward and discharges directly into the Dead Sea. The watershed extends between 30˚39' to 31˚48' N latitudes, and 35˚30' to 36˚30' E longitudes ( Figure 1 ). The maximum and minimum elevation in the catchment is 1277 m (above sea level) east of Mazar town, and -431 m (below sea Level) at the outlet of the wadi (Figure 2 ). The watershed is affected by successive stages of rejuvenation processes as a result of base-level changes along the Dead Sea, the lowest base level in the Jordan Rift [43] . Opposite to the outlet of W. Mujib-Wala, the Dead Sea attains a maximum depth of some -401 m below the surface. At this point, the bottom of the Dead Sea is at -815 m below sea level. In light of successive subsidence of the Dead Sea, and the resultant sea level changes, a high magnitude of rejuvenation phases affect the entire watershed and the sub-basins [44] . Thus, this has resulted in deeply dissected terrain, incised drainage, and over-steepened and interrupted slopes.
Furthermore, the entire watershed suffers from serious geomorphic hazards, such as landslides, high sediment yield [60] [61], floods, and severe soil erosion.
Slope categories and aspect maps of the catchment area were derived from ASTER DEM data (30 m resolution) using the surface analytical tool from the Arc GIS 10.1 software. A wide range of slope categories exist in the watershed, 
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The quantitative morphometric characterization of W. [54] , and interactions between morphometric parameters in arid Figure 5 . The 76 fourth-order sub-watersheds. Mean bifurcation ratio (R bm ) R bm = average of bifurcation ratio of Strahler all orders.
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Results and Discussions

Morphometric Assessment of W. Mujib-Wala Watershed
Quantitative morphometric analysis was conducted for the entire catchment and the 76 sub-watersheds to assess the characteristics and properties of the drainage networks. Three aspects of drainage basin morphometry were measured: linear, areal and relief parameters. Twenty two morphometric variables were considered for characterization of the watershed and sub-watersheds and to understand the interrelationships among the morphometric parameters, and drainage basin development in relation to geology and structure, geomorphic and rejuvenation processes. The complex morphometric characteristics and the classification of sub-basins were evaluated. The measured morphometric descriptors of W. Mujib-Wala and the adopted mathematical equations are illustrated in Table   1 . Table 2 increases. Generally, the higher the order, the longer the length of streams in [7] reported that drainage basins with a range of circularity ratio (R c ) of 0.4 to 0.5 are depicted as strongly elongated and at the youth stage of geomorphic evolution. The R c value of the W. Mujib-Wala catchment is 0.259, and the form factor (R f ) value is 0.351 (Table 2) . Low R f value directly indicates that low peak flows of long duration are expected; thus, such an elongated watershed is highly vulnerable to flooding risks compared with a circular-shaped watershed area. Additionally, Strahler [5] stated that values of elongation ratio (R e ) vary between 0.6 to 1.0 over a wide range of climatic, environmental and geological conditions. The elongation ratio for the entire W. [19] . The watershed is also prone to severe soil erosion loss, shallow and deep seated landslides, and is of high liability to reach peak discharge following heavy rainstorms. Based on D is classification, the W. Mujib-Wala is considered extremely dissected; consequently, it is of high susceptibility to erosion, incised channel erosion and mass movement activity.
Morphometric Assessment of the 76 Sub-Watersheds
The [7] . The circularity ratio of the entire watershed is 0.259 (Table 2) , Table A1 ). Low M rn values suggest that the catchment is prone to flooding hazards rather than debris flow whereas, high M rn values imply that debris flow is expected.
Statistical Analysis
Pearson Correlation between Morphometric Parameters
The level of correlation between each pair of the 22 parameters is displayed in (Table 3 ). Correlation analysis indicates that most morphometric parameters of W. Mujib-Wala sub-watersheds illustrate a positive correlation with each other, which implies that these parameters are interdependent. In the genetic sense of the term, all geomorphic parameters are considered dependent parameters. The stream length within a catchment for example, may depend on the size or area of the basin, but the size of the catchment is likely to be dependent upon the length of its streams. It is also concluded that within the correlation matrices computed Table 3 . Pearson correlation coefficient matrix for the 22 parameters (bold correlations are significant at p < 0.050). (Table 4) . In this Table, eigen- values, variance proportion, and cumulative variance proportion are shown.
According to Table 4 , it is clear that the first three PC s and the five PC s (PC 1 -PC 3 and PC 1 -PC 5 ) account for 63.93% and 90.4% of the total variance proportion of input parameters. Furthermore, the screen plot (Figure 7) shows that the first five components are the best choice. Moreover, the most effective variables in PC s formation are shown by bold font in Table 5 with the form factor (R f ) and elongation ratio (R e ), consequently, it refers to the sub-watershed "shape component". Principal Component 5 is positively and highly loaded in respect to drainage texture (D t ) and stream frequency (F s ). It is appropriate to label it as the sub-basin "dissection intensity" component.
Regionalization of Sub-Watersheds: Cluster Analysis
In the present study we applied CA to classify the 76 sub-watersheds based on of the W. Wadi Mujib-Wala catchment [63] . Thus, a high magnitude rejuvenation phases affects the entire watershed and the related sub-basins. Rejuvenation processes produced severe incision, deeply dissected terrain, active hill-slope processes, over steepened and interrupted slopes, high sediment yields and high soil erosion rates, repetitive flooding, and the development of a deep canyon landscape [43] . are influenced during their evolution by local structures affecting the entire catchment such as: the Zerqa Ma'in fault system (E-W direction), the Shihan-Swaqa fault system (E-W direction), and the NW-SE Kerak Al-Fiha fault system Thus, the impact of physical factors (structure and lithology, geomorphic development, rejuvenation, fluvial erosion, and slope processes) on clustering was noticeable in each sub-basin group. Furthermore, the basin relief (B h ) values for the 76 sub-watersheds are high and vary from 93 m to 880 m, thus, the relief ratio (R r ) and ruggedness number (R n ) values are high as well, which denote the predominance of high erosion energy and slope processes (i.e., high soil loss, high sediment yield, and landslide activity) among these sub-basins. Rapid decline of the Dead Sea level is an ongoing process at a rate exceeding 0.50 m annually [82] . Based on the results of headward incision rates found by Hassan and Klien [82] on the River Jordan, it can claimed that headward incision by main channels of W.Mujib-Wala is in progress at present, especially in soft rock units. Such a conclusion is substantiated by field observations [18] [19].
Validation of Regionalization: Discriminant Analysis
The validity of regionalization of the 76 sub-basins determined through CA: the cluster groups (1 -5) (level I of clustering), and the other two clusters (level II of clustering) of sub-basins (Figure 8 ), was tested using DA. It is intended in this context to test the hypothesis that there is a significant differences between the cluster groups found earlier, and if this hypothesis is accepted, to establish a system of coordinate axis which discriminates between the identified five clusters or regions of sub-watersheds. With reference to the five groups of clustering ( Figure   11 ), it is apparent that there is a significant difference between the clusters 1 -5, with a noticeable concentration of groups 1-3 in the eastern and southern 
Conclusions
Results from this investigation showed the significant roles of morphometric analysis, GIS, and multivariate statistics in hydrological regionalization of 76 sub-watersheds of which W. Mujib-Wala is composed. Twenty-two morphometric parameters related to the entire catchment and the associated sub-basins were extracted using ASTER DEM, and subjected to Principal Component Analysis, Cluster Analysis, and Discriminant Analysis. PCA resulted in five major components that account for 90.4% of the total variance explained by the 22 morphometric variables. It is apparent that the first three PCs (PC1-PC3) account for 63.93% of the total variance proportion of input parameters. It is obvious that parameters such as Nu, L u , R bm , A, P and C have the greatest input parameter variance proportions (28.6%), and the most effect on the first component. Thus, it is labled as "sub-watershed size". Furthermore, B h , R r , R n , D is , and M rn parameters have the most effect on the second component, which comprises 19.61% of input variance proportions. Therefore, it is appropriate to label it as the "slope steepness and relief" component. PC 3 is affected by L o , D d , and C, and accounts for 15.73% of input variance proportions. Accordingly, PC 3 is termed as the "hydrographic" component. Parameters such as R f , R e have the most effect on PC 4 , thus, it refers to the "sub-watershed shape" component, whereas parameters such as D t , and F s have the most impress on PC 5 , which is labeled as the sub-basin "dissection intensity" component. Based on the five rotated components, Cluster Analysis (CA) allows the 76 sub-watersheds to be classified in five groups.
The generated cluster dendrogram (and the maps produced) clearly display the spatial pattern of sub-basin groups or regions. At the first level of clustering, five separate cluster groups were demarcated, whereas at the second level of 
